Significance StatementIn the current study, the authors validate for the first time that preincubating human CD34^+^ cells with extracellular vesicles derived from human mesenchymal stromal cells not only modifies the gene expression of the recipient cells (inducing a downregulation of proapoptotic genes and overexpression of genes involved in colony formation and JAK‐STAT pathway) but also significantly increases their in vitro clonogenic ability and, most importantly, increases their 4‐week bone marrow lodging ability in vivo in a standard xenotransplantation model. This strategy could potentially be exploited to increase the hematopoietic engraftment in the clinical setting.

Introduction {#stem3032-sec-0003}
============

Graft failure or poor engraftment and their consequences are important complications after allogeneic stem cell transplantation (allo‐SCT). Such complications can be caused by an insufficient number of transplanted cells, by the presence of antibodies, or by a defective stroma [1](#stem3032-bib-0001){ref-type="ref"}, [2](#stem3032-bib-0002){ref-type="ref"}, [3](#stem3032-bib-0003){ref-type="ref"}.

It should be noted that bone marrow (BM) stroma remains of host origin after allo‐SCT and can be damaged because of a number of factors, including chemotherapy, infections or their treatments, graft‐versus‐host disease, or high‐dose radiotherapy [4](#stem3032-bib-0004){ref-type="ref"}, [5](#stem3032-bib-0005){ref-type="ref"}.

Mesenchymal stromal cells (MSC) play an important role in the regulation of most cells of the BM microenvironment [6](#stem3032-bib-0006){ref-type="ref"}, [7](#stem3032-bib-0007){ref-type="ref"}, [8](#stem3032-bib-0008){ref-type="ref"}. From a therapeutic perspective, the administration of MSC has been shown to increase the engraftment ability and the hematopoietic function in preclinical models of xenotransplantation [9](#stem3032-bib-0009){ref-type="ref"}, [10](#stem3032-bib-0010){ref-type="ref"}, [11](#stem3032-bib-0011){ref-type="ref"}, [12](#stem3032-bib-0012){ref-type="ref"}, [13](#stem3032-bib-0013){ref-type="ref"}. In addition, it has been shown that the administration of MSC from third‐party donors can also potentially increase the engraftment and improve post‐transplant cytopenias [14](#stem3032-bib-0014){ref-type="ref"}, [15](#stem3032-bib-0015){ref-type="ref"}.

It has been recently demonstrated that some of the beneficial effects of MSC can be exerted through the release of extracellular vesicles (EV) [16](#stem3032-bib-0016){ref-type="ref"}, [17](#stem3032-bib-0017){ref-type="ref"}. Although there are several types of EV depending on their size and origin (e.g., exosomes, microvesicles, and apoptotic bodies), all EV are small‐size membrane‐derived particles that selectively carry some mRNA, microRNA, lipids, and proteins that can be incorporated into recipient cells and modify their function [18](#stem3032-bib-0018){ref-type="ref"}, [19](#stem3032-bib-0019){ref-type="ref"}, [20](#stem3032-bib-0020){ref-type="ref"}, [21](#stem3032-bib-0021){ref-type="ref"}.

Several groups have shown that MSC‐EV participate in the communication between microenvironment and CD34^+^ cells [18](#stem3032-bib-0018){ref-type="ref"}, [22](#stem3032-bib-0022){ref-type="ref"}, [23](#stem3032-bib-0023){ref-type="ref"}. Recent studies have demonstrated that EV released by MSC could have similar effects to those of MSC [24](#stem3032-bib-0024){ref-type="ref"}, [25](#stem3032-bib-0025){ref-type="ref"}, [26](#stem3032-bib-0026){ref-type="ref"}.

In the current work, we wanted to evaluate multiparametrically the changes induced in CD34^+^ cells after the incorporation of MSC‐derived EV. Moreover, we have assessed if this incorporation has functional implications, evaluating their clonogenic ability in vitro and the in vivo engraftment in a xenotransplantation model.

Materials and Methods {#stem3032-sec-0004}
=====================

MSC Isolation and Expansion {#stem3032-sec-0005}
---------------------------

BM‐MSC were isolated from 48 healthy donors (29 males and 19 females) with a median age of 40 years (range 18--83 years), after written informed consent was obtained. All experimental procedures were approved by local Ethics Committee (code 70/07/2015).

BM mononuclear cells (BM‐MNC) were isolated by density‐gradient centrifugation (Ficoll‐Paque, density: 1.077 g/ml, GE Healthcare‐BioSciences). Cells were seeded at a density of 1 × 10^6^ cells per centimeter square and expanded as previously described at 37°C and 5% of CO~2~ in a humidified atmosphere [27](#stem3032-bib-0027){ref-type="ref"}, [28](#stem3032-bib-0028){ref-type="ref"} in Dulbecco\'s modified Eagle\'s medium‐low glucose (Gibco, Life‐Technologies) with 10% fetal bovine serum (Gibco, Life Technologies) and 1% penicillin/streptomycin. After third passage, MSC were assessed according to the criteria proposed by the International Society for Cellular Therapy (ISCT) [29](#stem3032-bib-0029){ref-type="ref"}.

CD34^+^ Cell Isolation {#stem3032-sec-0006}
----------------------

CD34^+^ cells were isolated from residual material from leukapheresis products of 33 healthy donors (23 males and 10 females) with a median age of 47 years (range 20--71 years) used in our Transplant Program. A small aliquot (1 ml) of fresh leukapheresis products from healthy volunteer donors in our allogeneic stem cell transplant program was used for the study. All donors had been prior evaluated in our pretransplant clinic, and informed consent was obtained to obtain an aliquot for research purposes in case the CD34^+^ cell counts obtained exceeded the required maximum amount for a standard sibling allo‐SCT according to institutional standard operational procedures. CD34^+^ cells were purified by immunomagnetic sorting in an AutoMACS (MiltenyiBiotec GmbH) after labeling with the human CD34 MicroBead Kit (MiltenyiBiotec). Purity and viability of cells was confirmed by flow cytometry (FC). The mobilization regimen for the donors was exclusively filgrastim at 5 μg/kg/12 hours during 4 days.

Only for xenotransplantation experiments (see below), CD34^+^ cells were isolated from umbilical cord blood (UCB), based on the higher in vivo engraftment ability compared with adult CD34^+^ cells [30](#stem3032-bib-0030){ref-type="ref"}. Ten fresh UCB units were either purchased from the Barcelona Blood and Tissue Bank and CHEMCYL or kindly provided by the Obstetrics Department of Hospital Universitario de Salamanca following standard procedures, after proper informed consent was obtained from the corresponding mothers. MNCs were isolated by Ficoll‐Paque density gradient centrifugation, and then CD34^+^ cells were isolated following the same protocol used for leukapheresis‐derived cells. Nevertheless, to confirm that some of the observed results were also induced in cord‐blood cells, some experiments were additionally performed and are included in Supporting Information Figure [S2](#stem3032-supitem-0003){ref-type="supplementary-material"}.

EV Isolation and Characterization {#stem3032-sec-0007}
---------------------------------

To avoid collecting EV from fetal calf serum, the latter was removed from the culture medium for 12 hours. Then, the supernatant was collected and centrifuged at 3,000*g* for 20 minutes and then at 10,000*g* for 30 minutes. Supernatants were then ultracentrifuged at 100,000*g* for 70 minutes at 4°C using a Beckman Coulter OptimaL‐90K ultracentrifuge (Fullerton, CA) [31](#stem3032-bib-0031){ref-type="ref"}. Then, EV were characterized by:Nanoparticle tracking analysis (NTA): EV size distribution and the amount of particles per millimeter were quantified using a NanoSight LM10 instrument (Nanosight Ltd., UK) with the NTA2.0 software.Transmission electron microscopy (TEM): The EV containing pellet was fixed in 2% paraformaldehyde and 1% glutaraldehyde and processed as described in Supporting Information Methods section. Samples were examined under a TEM (FEITecnai G2 Spirit Biotwin) using a digital camera (Morada, Soft Imaging System, Olympus) [32](#stem3032-bib-0032){ref-type="ref"}.Flow cytometry: For immunophenotypic characterization, EV were incubated with monoclonal antibodies (see Supporting Information Methods section for details). Samples were acquired on a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA) using the FACSDiva 6.1 software (BD Biosciences). The cytometer was previously calibrated and compensated [33](#stem3032-bib-0033){ref-type="ref"}. A mixture of fluorescent beads based on 1 μm monodisperse polystyrene (Sigma‐Aldrich) and PerfectCount Microspheres (Cytognos, Salamanca, Spain) of 6--6.4 μm in size was used as a size marker. A total of 10^5^ events were acquired. Data were analyzed with the Infinicyt software (Cytognos, Salamanca).Western blot: EV were lysed in ×1 RIPA lysis buffer with Phenylmethylsulfonyl fluoride, protease inhibitor cocktail, and sodium orthovanadate. Protein samples were loaded on a 12% SDS‐polyacrylamide gel electrophoresis gel and transferred to a poly(vinylidene fluoride) membrane, which was incubated with primary antibody followed by the corresponding horseradish peroxidase conjugated secondary antibody (Supporting Information data). The chemiluminescence was detected using Clarity Western ECL Substrate (BioRad).

Incorporation of EV into CD34^+^ Cells {#stem3032-sec-0008}
--------------------------------------

To allow the incorporation of MSC‐EV into human CD34^+^ cells, 1 × 10^5^ CD34^+^ cells were cocultured with MSC‐EV for 24 Roswell Park Memorial Institute Medium (RPMI) as it was described before [23](#stem3032-bib-0023){ref-type="ref"}. For each coculture, around 30 μg of protein from MSC‐derived EV was used. The same amount of CD34^+^ cells without EV was used as control.

To allow their tracking before coculture, EV were stained with Vybrant Dil cell labeling solution (Life Technology), following manufacturer\'s instructions [23](#stem3032-bib-0023){ref-type="ref"}, [34](#stem3032-bib-0034){ref-type="ref"}. As a control, an ultracentrifugation tube was included containing only phosphate‐buffered saline and Vybrant Dil. Then, the incorporation was measured both by FC and confocal microscopy. For the former, cells from 13 samples were stained and acquired in a FACSCalibur flow cytometer and analyzed with Flow JO (Oregon). For immunofluorescence, CD34^+^ cells were processed as indicated in Supporting Information. Cellular nuclei were stained with 4′,6‐diamidino‐2‐phenylindole. Cells were viewed with a TCS SP5 Confocal Laser Scanning Microscope (Leica Microsystems GMbH, Wetzlar) with the LAS AF acquisition program (version 2.6.0.7266).

Reverse Transcription Polymerase Chain Reaction of Stromal‐Cell--Derived Factor‐1 and Collagen Type I Alpha I {#stem3032-sec-0009}
-------------------------------------------------------------------------------------------------------------

Total RNA was extracted from 10 pairs of CD34^+^ cells. cDNA was prepared by reverse transcription using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), and the converted cDNA was analyzed for stromal‐cell--derived factor‐1 (*SDF‐1*) and Collagen type I Alpha I (*COL1A1*). Glyceraldehyde‐3‐phosphate dehydrogenase was used as a control. Genes were quantified using TaqMan Gene Expression Assays and the Step One Plus Real‐Time PCR System (Applied Biosystems). Relative quantification was calculated from the $2^{- \Delta C_{t}}$ values where: Δ*C* ~t~ = *C* ~t~Gene − *C* ~t~Control.

Gene Chip Human Gene ST Arrays {#stem3032-sec-0010}
------------------------------

Total RNA was isolated and purified from five pairs of CD34^+^ cells cocultured for 24 hours using RNeasy Mini Kit (Qiagen, Hilden, Germany), according to manufacturer\'s instructions. RNA integrity was assessed using Agilent 2100 Bioanalyzer. Labeling and hybridizations were performed according to protocols from Affymetrix in a Human Gene 2.0 ST Array. Washing and scanning were performed using GeneChip System of Affymetrix (GeneChip Hybridization Oven 645, GeneChip Fluidics Station 450 and GeneChip Scanner 7G). The analysis is further detailed in Supporting Information. Genes with a *q*‐value \<0.05 were considered to be significantly expressed. The functional and pathway analysis was carried out in the Webgestalt application [35](#stem3032-bib-0035){ref-type="ref"}. The Gene Expression Omnibus entry for each sample includes the raw data (code \#GSE120803) and is located at the following website link: <https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=exozqmwofdqblmj&acc=GSE120803>

Apoptosis and Caspase Activity Assays {#stem3032-sec-0011}
-------------------------------------

After 24 and 48 hours of coculture, CD34^+^ cells were stained with Annexin V, 7‐amino‐actinomycin (7‐AAD) using the BD Pharmigen PE Annexin V Apoptosis Detection Kit I (BD Biosciences). Cells were also labeled with fluorescein isothiocyanate‐conjugated CD34. Samples were acquired on a FACS Calibur device. At least 5 × 10^4^ events were recorded. Data were analyzed using Infinicyt. Cells were considered to be in an early apoptotic state, late apoptosis, or dead if they were Annexin V^+^/7‐AAD^−^, Annexin V^+^/7‐AAD^+^, or Annexin V^−^/7‐AAD^+^, respectively, as previously reported [27](#stem3032-bib-0027){ref-type="ref"} (Supporting Information Fig. [S3](#stem3032-supitem-0004){ref-type="supplementary-material"}A). Caspase 3/7 and caspase 9 activity was measured after 24 hours of coculture using the Caspase‐Glo 3/7 Assay Systems kit and the Caspase‐Glo 9 Assay Systems kit (Promega). Ten samples were used to perform these experiments.

Cell Cycle Analysis {#stem3032-sec-0012}
-------------------

Ten samples of CD34^+^ cells were cocultured for 24 hours and stained with propidium iodide using the kit BD Cycletest Plus DNA Reagent Kit (Beckton Dickinson), according to manufacturer\'s instructions. Samples were acquired in a FACS Calibur flow cytometer and analyzed using ModFit LT V5.0.9 (Verity Software; Supporting Information Fig. [S3](#stem3032-supitem-0004){ref-type="supplementary-material"}B).

Flow Cytometric Analysis of Proteins Involved in Hematopoiesis {#stem3032-sec-0013}
--------------------------------------------------------------

Ten samples of CD34^+^ cells were incubated with the corresponding monoclonal antibodies (see Supporting Information). Samples were acquired on a FACS Calibur flow cytometer using Cellquest Pro software. Data were analyzed using the Infinicyt software. Data were represented as mean fluorescence intensity (Supporting Information Fig. [S4](#stem3032-supitem-0005){ref-type="supplementary-material"}).

Capillary Electrophoresis Immunoassay {#stem3032-sec-0014}
-------------------------------------

Whole‐cell lysates were obtained from two samples of CD34^+^ cells with or without incorporation of MSC‐EV. Capillary Electrophoresis Immunoassay or Simple Western analyses were performed using the WES machine (ProteinSimple, Santa Clara, CA), according to the manufacturer\'s protocols [36](#stem3032-bib-0036){ref-type="ref"}. The data were analyzed with inbuilt Compass software (ProteinSimple). Further details are provided in Supporting Information. For the assay, we used primary antibodies Calnexin, signal activator of transcription 5 (STAT5), and p‐STAT5 (see also Supporting Information).

Clonogenic Assays {#stem3032-sec-0015}
-----------------

CD34^+^ cells from 10 samples were incubated in different conditions for 24 hours. Then, cells were recovered, and 1,500 cells were seeded into methylcellulose MACSMedia Stem MACS HSC‐CFU complete without Epo human (Miltenyi Biotec, Germany) to quantify progenitor cell colony‐forming unit granulocyte/macrophage (CFU‐GM), according to the manufacturer\'s instructions. After 14 days at 37°C in a fully humidified atmosphere of 5% CO~2~, CFU‐GM was scored using an inverted microscope.

Analysis of Human Hematopoietic Engraftment in Mice {#stem3032-sec-0016}
---------------------------------------------------

For in vivo studies, 6‐week‐old nonobese diabetic/severe combined immunodeficient (NOD/SCID; NOD.CB17‐Prkdcscid/NcrCrl) mice were purchased from Charles River Laboratories (Barcelona, Spain) and maintained in the animal care facility of the University of Salamanca. All procedures followed the Spanish and European Union guidelines (RD 1201/05 and 86/609/CEE) and were approved by the Bioethics Committee of the University of Salamanca (reg. 201100007924).

The murine transplant model was established as previously reported with minor modifications [9](#stem3032-bib-0009){ref-type="ref"}. Thirty female mice were used (10 per experimental group). Six hours before transplantation, mice were irradiated with 350 cGy total body irradiation using a cesium source (Gammacell‐200, Nordion International). Animals were anesthetized with a mixture of ketamine (90 mg/kg; Imalgene 500) and xylazine (10 mg/kg; Rompun 2%, KVP Pharma). Two experimental groups were established: (1) 2 × 10^5^ UCB CD34^+^ cells and (2) 2 × 10^5^ UCB CD34^+^ cells previously cocultured with MSC‐EV. For each coculture, around 60 μg of protein from MSC‐derived EV was used. Cocultures were incubated for 24 hours in a volume of 500 μl RPMI per well. Then 1 × 10^5^ cells were administered via intrafemorally, through the knee. Four weeks after transplantation, mice were sacrificed and the hematopoietic engraftment was evaluated by FC in the injected femur (right), contralateral femur (left), and spleen [37](#stem3032-bib-0037){ref-type="ref"}. All cell suspensions were collected and red blood cells were lysated. Samples were stained with monoclonal antibodies (specified in Supporting Information). Data analysis is detailed in Supporting Information.

Statistical Analysis {#stem3032-sec-0017}
--------------------

Values were summarized as median and range. The nonparametric Wilcoxon Signed Ranks Test was used, and *p* values \<.05 were considered significant. Statistical analyses were done with GraphPad Prism version 5.00 for Windows.

Results {#stem3032-sec-0018}
=======

Characterization of MSC, CD34^+^ Cells, and MSC‐EV {#stem3032-sec-0019}
--------------------------------------------------

In all the assays, MSCs were characterized according to the definition criteria established by ISCT [29](#stem3032-bib-0029){ref-type="ref"} and as previously described [27](#stem3032-bib-0027){ref-type="ref"} (Supporting Information Fig. [S1](#stem3032-supitem-0002){ref-type="supplementary-material"}). The viability of MSC at the time when EV were collected was over 77% in all cases.

CD34^+^ progenitor cell purity after immunomagnetic sorting was in all cases \>85%. The viability was higher than 80% in all cases.

EV size evaluated by NTA was homogeneous among samples with a mean of 131.93 nm (range: 124.4--143.6 nm). Mean particle concentration was 9.09E^+10^ particles per milliliter (range: 5.16E^+10^--1.21E^+11^; Fig. [1](#stem3032-fig-0001){ref-type="fig"}A). In addition, the characteristic rounded morphology of EV with a hypodense center and the typical bilayer membrane was observed by TEM. (Fig. [1](#stem3032-fig-0001){ref-type="fig"}B) Next, FC analysis showed that all EV had a size smaller than 1 μm, were negative for hematopoietic markers as CD34 and CD45, and positive for MSC markers (as CD90 and CD44) and exosome markers (as CD81 and CD63). Unstained EV were used as control. (Fig. [1](#stem3032-fig-0001){ref-type="fig"}C) Finally, by Western blot analysis, the characteristic expression of CD63 was also demonstrated (Fig. [1](#stem3032-fig-0001){ref-type="fig"}D). These results fulfill the recommendations of the International Society of Extracellular Vesicles [38](#stem3032-bib-0038){ref-type="ref"}.

![Characterization of extracellular vesicles (EV) released from mesenchymal stromal cells (MSC). Size distribution (nm) and concentration (particles × 10^10^ per milliliter) quantified by nanoparticle tracking analysis. **(A):** Representative graph for one sample of EV obtained from 3 × 10^6^ MSC. **(B):** EV samples contrasted with uranyl‐oxalate solution and examined under a transmission electron microscope. Scale bar = 200 nm, original magnification ×8,000. Representative image of flow cytometry characterization of EV in one sample. Gates of EV were defined in the forward and side scatter dot plot by setting the upper size limit in 1 μm. Microbeads with a diameter of 1 μm were used for that purpose. The other dot plots represent EV stained with hematopoietic markers (CD34 and CD45), mesenchymal markers (CD90 and CD44), and exosomes markers (CD81 and CD63). Unstained controls are shown in gray, and EV stained with different antibodies are represented in black. **(C):** Samples were acquired on a FACS Calibur flow cytometer. **(D):** EV characterization by Western blot assay for the expression of CD63. Abbreviations: SSC, side scatter; FSC, forward scatter.](STEM-37-1357-g001){#stem3032-fig-0001}

Incorporation of MSC‐EV into CD34^+^ Cells {#stem3032-sec-0020}
------------------------------------------

The incorporation was first demonstrated by FC, and as it is shown in (Fig. [2](#stem3032-fig-0002){ref-type="fig"}A), the median of cells that had incorporated EV after 24 hours of coincubation was 40.34%. As a control, culture media without EV was labeled with Vybrant Dil and incubated in the same conditions with CD34^+^ cells. The incorporation was negative as well as when CD34^+^ cells were cultured alone for 24 hours.

![Uptake of EV from MSC into CD34^+^ cells. EV previously stained with fluorescent dye Vybrant Dil cell labeling solution (red) were cultured with CD34^+^ cells for 24 hours. Representative images of the incorporation after 24 hours by flow cytometry in one sample. The first two dot plots show the forward and side scatter axes (I) and the gate of cells that are positive for CD34 Ab (II). The other dot plots represent the percentage of CD34^+^ cells that have incorporated EV: CD34^+^ cells alone (III), CD34^+^ cells cultured with MSC‐EV (IV), and CD34^+^ cells cultured with supernatant without EV, stained with Vybrant Dil (V). **(A):** Samples were acquired on a FACS Calibur flow cytometer. Representative images of the incorporation after 24 hours by confocal microscopy in one sample. Scale bar = 7.5 μm. CD34^+^ cells were labeled with anti‐CD45 ab (in green). Nuclei were stained with DAPI (blue). **(B):** Images in the top row represent cells without EV; images in the bottom row are from CD34^+^ cells that had incorporated MSC‐EV. Relative expression of SDF‐1 and COL1A1 in CD34^+^ alone or cultured with MSC‐EV performed by reverse transcription polymerase chain reaction. **(C):** Glyceraldehyde‐3‐phosphate dehydrogenase was used as control *n* = 10. Abbreviations: COL1A1, collagen type i alpha I; DAPI: 4′,6‐diamidino‐2‐phenylindole; EV, extracellular vesicles; FSC, forward scatter; MSC, mesenchymal stromal cells; SDF‐1, stromal‐cell--derived factor‐1; SSC, side scatter.](STEM-37-1357-g002){#stem3032-fig-0002}

To confirm these results, incorporation of MSC‐EV into CD34^+^ cells was also demonstrated by confocal microscopy (Fig. [2](#stem3032-fig-0002){ref-type="fig"}B).

In addition, the reverse transcription polymerase chain reaction expression of *SDF‐1* and *COL1A1*, genes that are described to be highly expressed in MSC, was increased in CD34^+^ cells that had been incubated with EV compared with control CD34^+^ cells (Fig. [2](#stem3032-fig-0002){ref-type="fig"}C).

Gene Expression Profiling of CD34^+^ Cells {#stem3032-sec-0021}
------------------------------------------

In order to obtain a global view of the changes induced on CD34^+^ cells after the incorporation of MSC‐EV, the gene expression profiling (GEP) of five samples was analyzed.

Applying SAM analysis, we found statistically significant differences in the expression of 608 genes between CD34^+^ cells alone and CD34^+^ cells that had incorporated MSC‐EV out of 7.460 tested genes by applying the established filtering criteria.

Of them, 176 genes were upregulated and 432 genes were downregulated after the incorporation. These genes were involved in several pathways. One of these pathways was apoptosis where 12 genes were altered, among which some proapoptotic genes as *CASP3* and *CASP6* were downregulated, whereas some antiapoptotic genes as *BIRC2*, *BIRC3*, and *NFKB* were upregulated. Another altered pathway was Janus kinase (JAK)‐STAT that, overall, was upregulated. Hematopoietic cell lineage pathway had also some upregulated genes as *IL11*, *CD22*, and *IL3RA* involved in hematopoietic colony formation. Also cytokine‐cytokine receptor interaction pathway was upregulated (Fig. [3](#stem3032-fig-0003){ref-type="fig"}; Supporting Information Table [S1](#stem3032-supitem-0007){ref-type="supplementary-material"}). Also, CD44, very important molecule in hematopoietic engraftment, and prostaglandin‐endoperoxide synthase 1 (PTGS1, COX1), precursor of prostaglandine E2 (PGE~2~), were upregulated within the incorporation of MSC‐EV.

![Gene expression profiling of CD34^+^ cells. Purified RNA from five samples in both conditions (alone or with mesenchymal stromal cells‐extracellular vesicles) was hybridized in gene expression arrays (Affymetrix). The significance analysis of microarrays technique was used for the identification of differentially expressed genes among samples. Column graph representing the most altered pathways after a pathway analysis using the KEGG \[Kyoto Encyclopedia of Genes and Genomes\] database and Webgestalt.](STEM-37-1357-g003){#stem3032-fig-0003}

Incorporation of MSC‐EV into CD34^+^ Cells Increases Their Viability and Decreases Their Caspase Activity {#stem3032-sec-0022}
---------------------------------------------------------------------------------------------------------

As we observed in the GEP analysis, the incorporation of MSC‐EV into CD34^+^ cells could induce changes in the genes involved in viability/apoptosis. In order to confirm these results, cell viability assay was performed after 24 hours (*n* = 14) and 48 hours (*n* = 11) of coculture with EV. After 24 hours of culture, 87.01% (80.19%--93.02%) of CD34^+^ cells were viable, and the incorporation of EV did not show any benefit in terms of early viability. However, after 48 hours of culture, CD34^+^ cells which incorporated MSC‐EV had a significantly higher median viability compared with control cells, 72.19% (range: 67.85%--83.7%) versus 67.28% (range 63.66%--72.62%). This increase in cell viability was related to a significant decrease of late apoptotic cells (Annexin V^+^/7‐AAD^+^) and dead cells (Annexin V^−^/7‐AAD^+^; Fig. [4](#stem3032-fig-0004){ref-type="fig"}A). Besides, caspase 3/7 and caspase 9 activity was measured after 24 of coculture (*n* = 10). We observed a significant decrease in the activity of both caspase 3/7 and caspase 9 after the incorporation of MSC‐EV in CD34^+^ cells (Fig. [4](#stem3032-fig-0004){ref-type="fig"}B).

![Viability, caspase activity, and proliferation of CD34^+^ cells. Apoptosis assays in CD34^+^ cells alone or CD34^+^ cells that have incorporated MSC‐EV after 24 and 48 hours of culture. CD34^+^ cells were incubated with Annexin V, 7‐AAD, and CD34, and the expression of different cell surface markers was analyzed by flow cytometry. Cells were considered to be viable (Annexin V^−^/7‐AAD^−^), in an early apoptotic state (Annexin V^+^/7‐AAD^−^), late apoptosis (Annexin V^+^/7‐AAD^+^), or dead (Annexin V^−^/7‐AAD^+^). **(A):** Data expressed as mean of the percentage of cells in the different conditions, caspase activity assays in CD34^+^ cells alone or CD34^+^ cells that have incorporated MSC‐EV after 24 hours of culture. **(B):** Luminiscence is expressed as the number of relRLU. Cell cycle profiling of CD34^+^ cells after 24 hours of incubation with MSC‐EV analyzed by flow cytometry. **(C):** Data are represented as mean of the percentage of cells in each phase. Ten experiments were done for each group. Abbreviations: 7‐AAD, 7‐amino‐actinomycin; EV, extracellular vesicles; MSC, mesenchymal stromal cells; RLU, relative light unit.](STEM-37-1357-g004){#stem3032-fig-0004}

Incorporation of MSC‐EV into CD34^+^ Cells Do Not Significantly Modifies Cell Cycle S‐Phase {#stem3032-sec-0023}
-------------------------------------------------------------------------------------------

To further investigate the implication of EV incorporation into CD34^+^ cells, cell cycle was studied in 11 samples. Cell cycle results showed that after 24 hours of culture, the percentage of cells in S phase was similar in the MSC‐EV group (1.725 ± 0.3) compared with CD34^+^ controls (1.501 ± 0.22). However, we detected a significant decrease in the percentage of cells in phase G~0~/G~1~ in CD34^+^ cells that have incorporated MSC‐EV (*p* = .032; Fig. [4](#stem3032-fig-0004){ref-type="fig"}C).

Expression of Genes Involved in Hematopoiesis in CD34^+^ Cells {#stem3032-sec-0024}
--------------------------------------------------------------

Protein expression of genes involved in the maintenance of hematopoiesis was studied by FC. We detected a significant increase of CD44 expression after the incorporation of MSC‐EV into CD34^+^ cells (already shown in the GEP analysis). We did not find significant changes in C‐X‐C chemokine receptor type 4 (CXCR4), Integrin Subunit Alpha 4 (ITGA‐4), and c‐KIT expression (Fig. [5](#stem3032-fig-0005){ref-type="fig"}A).

![Expression of proteins involved in hematopoiesis on CD34^+^ cells and their capacity of colony formation. Mean fluorescence intensity of different proteins involved in hematopoiesis maintenance as CD44, CXCR4, ITGA‐4, and c‐KIT was evaluated by FACS analysis. **(A):** Samples were acquired on a FACS Calibur flow cytometer. **(B):** Results from Calnexin, STAT5, and phospho‐STAT5 quantification in CD34^+^ cells, visualized as virtual blots (up) or peaks (only one representative sample of CD34^+^ cells and other representative sample of CD34^+^ cells that have incorporated MSC‐EV) (down), analyzed by WES Simple technology using Compass software. Total CFU‐GM from CD34^+^ cells were scored after 14 days in methylcellulose medium. **(C):** CD34^+^ cells were cultured with or without EV for 24 hours and then, 1,500 cells were seeded into methylcellulose medium. Data are represented as mean of 10 experiments for each group. Abbreviations: CFU‐GM, colony‐forming unit granulocyte/macrophage; EV, extracellular vesicles; MSC, mesenchymal stromal cells.](STEM-37-1357-g005){#stem3032-fig-0005}

By WES Simple, we have also detected an increase in the levels of phospho‐STAT5 after the incorporation of MSC‐EV in CD34^+^ cells. The ratio phospho‐STAT5/STAT5 increases in all cases after the incorporation of MSC‐EV but the increase is heterogeneous among different samples of MSC‐EV (Fig. [5](#stem3032-fig-0005){ref-type="fig"}B). These results were confirmed by FC where an increase in the mean of fluorescence intensity of p‐STAT5 after the incorporation of MSC‐EV in CD34^+^ cells was observed (Supporting Information Fig. [S5](#stem3032-supitem-0006){ref-type="supplementary-material"}).

Incorporation of MSC‐EV into CD34^+^ Cells Increases Their Clonogenic Capacity {#stem3032-sec-0025}
------------------------------------------------------------------------------

Clonogenic studies were performed in 10 samples. We observed that the capacity of CD34^+^ to form CFU‐GM was significantly higher in those cells that had incorporated MSC‐EV compared with control CD34^+^ cells (*p* = .032). There were no differences in the size or shape of colonies between both experimental groups (Fig. [5](#stem3032-fig-0005){ref-type="fig"}C). The same results were observed in a subset of experiments performed with cord‐blood CD34^+^ cells (Supporting Information Fig. [S2](#stem3032-supitem-0003){ref-type="supplementary-material"}).

Incorporation of MSC‐EV into CD34^+^ Cells Increases Their BM Lodging Ability in NOD/SCID Mice {#stem3032-sec-0026}
----------------------------------------------------------------------------------------------

In vivo effects of the incorporation of MSC‐EV were analyzed in a hematopoietic xenotransplantation model. For that, CD34^+^ cells with or without EV incorporation were injected intrafemorally into NOD/SCID mice. Human chimerism (human CD45^+^ cell percentage) after 4 weeks was analyzed in both the injected (right) and noninjected (left) femurs and the spleen (*n* = 10; Fig. [6](#stem3032-fig-0006){ref-type="fig"}). The percentage of human CD45^+^ cells in the injected femur was significantly higher in mice transplanted with CD34^+^ that had incorporated MSC‐EV (*p* = .027) compared with CD34^+^ cells alone (Fig. [6](#stem3032-fig-0006){ref-type="fig"}A). Nevertheless, we did not observe significant differences between both groups in the left femurs and spleens (Fig. [6](#stem3032-fig-0006){ref-type="fig"}A).

![Analysis of human hematopoietic lodging in nonobese diabetic/severe combined immunodeficient mice. The percentage of human CD45^+^ cells (donor chimerism) in total bone marrow samples from both the femurs, right (injected site) **(A)** and left (contralateral) **(B)**, and spleen **(C)** at 4 weeks after hematopoietic transplantation was analyzed by flow cytometry. Percentage of human hematopoietic subpopulations (CD34, CD14, CD13, and CD19) in right femur bone marrow at week 4 **(D)**. Data are represented as mean of 10 experiments for each group. Abbreviations: EV, extracellular vesicles; MSC, mesenchymal stromal cells.](STEM-37-1357-g006){#stem3032-fig-0006}

In order to analyze multilineage cell engraftment, cell subpopulations were evaluated only in the injected femurs (right) due to their higher engraftment. We found higher levels of human CD34^+^, CD14^+^, CD13^+^, and CD19^+^ cells in mice transplanted with CD34^+^ cells that had incorporated MSC‐EV compared with CD34^+^ cells alone, but these differences were not significant (Fig. [6](#stem3032-fig-0006){ref-type="fig"}B).

Discussion {#stem3032-sec-0027}
==========

The current work validates the potential role of a new approach to benefit from the effects of MSC administration on hematopoietic function of CD34^+^ cells in the transplant setting: preincubating human CD34^+^ cells with EV derived from human MSC and infusing only the CD34^+^ cells. This strategy significantly increases the in vitro clonogenic ability of CD34^+^ cells but most importantly increase their 4‐week BM lodging ability in vivo in the injected femur.

There is extensive information on the role of MSC to improve the hematopoietic engraftment [9](#stem3032-bib-0009){ref-type="ref"}, [39](#stem3032-bib-0039){ref-type="ref"}, [40](#stem3032-bib-0040){ref-type="ref"}, [41](#stem3032-bib-0041){ref-type="ref"}, [42](#stem3032-bib-0042){ref-type="ref"}, and the administration of MSC to improve engraftment is being explored in clinical trials. As MSC may exert some of their effects through the release of EV [24](#stem3032-bib-0024){ref-type="ref"}, [43](#stem3032-bib-0043){ref-type="ref"}, [44](#stem3032-bib-0044){ref-type="ref"}, there are some preclinical studies that have explored the role of MSC‐EV in the improvement of hematopoiesis after hematopoietic transplantation [25](#stem3032-bib-0025){ref-type="ref"}, [45](#stem3032-bib-0045){ref-type="ref"}, [46](#stem3032-bib-0046){ref-type="ref"} and to analyze the MSC‐EV influence on CD34^+^ cells gene expression pattern, altering their survival and promoting their homing to the BM [26](#stem3032-bib-0026){ref-type="ref"}. In this regard, we have observed that the incorporation of MSC‐EV into CD34^+^ cells modifies the expression of some genes (176 upregulated and 432 downregulated) compared with control CD34^+^ cells. Some of these genes were involved in apoptosis. Therefore, we confirmed by FC that apoptosis was significantly decreased in CD34^+^ cells that incorporated vesicles. This is in accordance with findings that MSC‐EV can downregulate phosphorylation of H2AX after damage to CD34^+^ cells, leading to a better DNA repair efficiency and the inhibition of apoptosis [47](#stem3032-bib-0047){ref-type="ref"}. It has also been reported that the mechanisms underlying recovery of CD34^+^ cells by MSC‐EV are not only due to a decrease in apoptosis but also due to a stimulation of proliferation. We have observed an upregulation of JAK‐STAT pathway and confirmed the increased levels of STAT5 phosphorylation by WES Simple and FC after the incorporation of MSC‐EV in CD34^+^ cells. Although there are no previous data on the implications of this (probably transient) upregulation of JAK‐STAT on CD34^+^ cells induced by MSC‐EV incorporation, it is well established that a constitutive upregulation of this signaling pathway (as observed in V617F JAK‐2 mutations in myeloproliferative neoplasms) leads to CD34^+^ cell proliferation and reduced apoptosis [48](#stem3032-bib-0048){ref-type="ref"}, [49](#stem3032-bib-0049){ref-type="ref"}. In addition, an upregulation of JAK/STAT signaling has been shown in CD34^+^ cells from acute myeloid leukemia patients compared with normal cord blood or peripheral blood stem cells, suggesting that JAK/STAT signaling supports AML cells growth and survival [50](#stem3032-bib-0050){ref-type="ref"}, [51](#stem3032-bib-0051){ref-type="ref"}. In addition, De Luca et al. demonstrated that MSC‐EV miRNAs and piRNAs influence CD34^+^ cells gene profile, inducing cell survival and proliferation in all the hematopoietic lineages [26](#stem3032-bib-0026){ref-type="ref"}.

We have also shown that MSC‐EV carry bioactive molecules and can transfer mRNA and proteins to the target cells [23](#stem3032-bib-0023){ref-type="ref"}, [34](#stem3032-bib-0034){ref-type="ref"}. The bioactive cargo enclosed in MSC‐EV may play a role in favoring hematopoietic engraftment. In fact, we have shown that the expression of CD44, a well‐known factor involved in cell adhesion and migration, is increased after the incorporation of MSC‐EV into CD34^+^ cells. These results are consistent with findings that MSC‐EV carry mRNA for CD44 [52](#stem3032-bib-0052){ref-type="ref"}, we also have confirmed that MSC‐EV express CD44 protein on their surface. The effects may not involve CXCR4, another important factor for homing and engraftment, as we have not observed changes in its expression after the incorporation of MSC‐EV, although some groups have described an increase in its expression [26](#stem3032-bib-0026){ref-type="ref"}. This discordance may be related to different experimental conditions (e.g., the latter results were obtained in cord‐blood CD34^+^ cells, whereas our in vitro experiments were performed with G‐CSF mobilized adult CD34^+^ cells). In this regard, we performed some of the experiments with cord blood cells (Supporting Information Fig. [S2](#stem3032-supitem-0003){ref-type="supplementary-material"}), and with cord blood cells, the increase in CXCR4 expression after MSC‐EV incorporation is significantly increased. In addition, the fact that we have observed that CD34^+^ cells gain SDF‐1 expression after the incorporation of MSC‐EV warrants a specific comment. The importance of the SDF‐1/CXCR4 axis in CD34^+^ cells homing and engraftment is unquestionable but is generally considered only in the most important direction, which is the interaction between SDF‐1 expressed in MSC and CXCR4 expressed in CD34^+^ cells. However, MSC can also express low levels of CXCR4 [53](#stem3032-bib-0053){ref-type="ref"}, [54](#stem3032-bib-0054){ref-type="ref"}, [55](#stem3032-bib-0055){ref-type="ref"}, so the fact that CD34^+^ cells express SDF‐1 could also potentially favors the interaction between SDF‐1 and CXCR4, enhancing the engraftment ability of CD34^+^ cells. We have also found an increased expression of PTGS1, precursor of PGE~2~ after the incorporation of MSC‐EV. PGE~2~ enhances CD34^+^ cells homing, survival, and proliferation [56](#stem3032-bib-0056){ref-type="ref"}.

Besides these changes in gene and protein expression after the incorporation of MSC‐EV into CD34^+^ cells, the most important questions are related to the potential functional implications of these changes. As it has been mentioned, we have addressed them both in vitro and in vivo. Interestingly, the in vitro clonogenic assays revealed a significant increase in colony formation after MSC‐EV incorporation. This is again in agreement with the upregulation of some molecules involved in hematopoiesis as IL11, CD22, and IL3RA that where shown in the GEP analysis. Other reports support these findings showing higher colony outgrowth after treatment of CD34^+^ cells with MSC‐EV [25](#stem3032-bib-0025){ref-type="ref"}, [45](#stem3032-bib-0045){ref-type="ref"}, [47](#stem3032-bib-0047){ref-type="ref"}.

The latest and most relevant test was to evaluate whether MSC‐EV could improve in vivo engraftment of CD34^+^ cells. For this experiments, we used cord blood CD34^+^ cells, as their engraftment capacity is higher, in order to reduce the number of cells and vesicles needed for each experiment [57](#stem3032-bib-0057){ref-type="ref"} but maintaining the proportion of MSC‐EV/ CD34^+^ cells we have previously used in all the in vitro experiments. We have observed a significant better BM lodging ability in the injected femurs after 4 weeks in mice with human CD34^+^ cells that had incorporated human MSC‐EV in comparison with the lodging of control CD34^+^ cells. In accordance to our results, De Luca et al. analyzed the homing into the BM of intravenously (instead of intrafemorally) administered human CD34^+^ cells with incorporated vesicles only 24 hours after the injection [26](#stem3032-bib-0026){ref-type="ref"}, but human engraftment at later time points was not studied in their work. Other authors have found potential beneficial effects of either murine or human MSC‐EV in different results with different experimental designs different from our approach. In this regard, Wen et al. showed that murine or human MSC‐EV improves the engraftment of murine CD34^+^ cells damaged by irradiation [47](#stem3032-bib-0047){ref-type="ref"}, and Schoefinius et al. found that the injection of MSC‐EV rescues hematopoiesis in irradiated mice without the addition of CD34^+^ cells [25](#stem3032-bib-0025){ref-type="ref"}. We have not found differences in the percentage of human cells neither in the contralateral femur nor in the spleen of these mice. Regarding these results, several groups have described that intrabone transplantation results in higher human cell engraftment or chimerism in the injected femurs, whereas engraftment at distal hematopoietic sites as the peripheral blood, spleen, and contralateral femur could be lower. Some studies suggest that the retention of human cells in the BM after intrabone injection enhances local chimerism at expense of systemic chimerism [58](#stem3032-bib-0058){ref-type="ref"}, [59](#stem3032-bib-0059){ref-type="ref"}. Furthermore, prior published studies from our own group also showed higher engraftment in the injected femur when compared with the contralateral femur [9](#stem3032-bib-0009){ref-type="ref"}. It could be hypothesized that MSC‐EV incorporation into CD34^+^ cells may only improve lodging and retention in the injected femur but not in the homing ability or that the increase in engraftment in the injected femur is not enough to compensate that of other distal BM niches.

Conclusion {#stem3032-sec-0028}
==========

In this study, we have demonstrated that human MSC‐EV are able to incorporate into human CD34^+^ cells, modifying their gene expression and increasing their viability, clonogenic capacity in vitro, and their 4‐week BM lodging ability in vivo in the injected femurs in a xenotransplantation model.
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**Appendix S1**: Supporting Information

###### 

Click here for additional data file.

###### 

**Supporting Information Figure 1 Characterization of MSC**. Phenotypic analysis of MSC. Unstained MSC (used as control) are shown in gray and stained MSC are shown in black (A) Differentiation capacity of MSC. Adipogenic differentiation (a) was visualized by Oil‐Red‐O staining. Osteogenic differentiation (b) was detected by alkaline phosphate staining. All of them isolated from human bone marrow and expanded until third passage. (B)

###### 

Click here for additional data file.

###### 

**Supporting Information Figure 2 In vitro experiments with CD34** ^**+**^ **cells isolated from umbilical cord blood.** Incorporation of MSC‐EV into CD34^+^ cells isolated from umbilical cord blood. EV previously stained with fluorescent dye Vybrant dil cell labelling solution (red) were cultured with CD34^+^ cells for 24 hoursours. Representative images of the incorporation after 24 hours by flow cytometry in one sample. The first two dot plots show the forward and side scatter axes (I) and the gate of cells that are positive for CD34 Ab (II). The other dot‐plots represent the percentage of CD34^+^ cells that have incorporated EV: CD34^+^ cells alone (III), CD34^+^ cells cultured with MSC‐EV (IV) and CD34^+^ cells cultured with supernatant without EV, stained with Vybrant Dil (V) Samples were acquired on a FACS Calibur flow cytometer (A). Apoptosis assays in CD34^+^ cells alone or CD34^+^ cells that have incorporated MSC‐EV after 24 and 48 hours of culture. CD34^+^ cells were incubated with Annexin V, 7AAD and CD34 and the expression of different cell surface markers was analyzed by flow cytometry. Cells were considered to be viable (Annexin V^−^/7‐AAD^−^), in an early apoptotic state (Annexin V^+^/7‐AAD^−^), late apoptosis (Annexin V^+^/7‐AAD^+^) or dead (Annexin V^−^/7‐AAD^+^). Data expressed as mean of the percentage of cells in the different conditions (B). Mean fluorescence intensity of different proteins involved in hematopoiesis maintenance as CD44, CXCR4, ITGA‐4 and c‐KIT was evaluated by FACS analysis. Samples were acquired on a FACS Calibur flow cytometer (C). Total CFU‐GM from CD34^+^ cells were scored after 14 days in methylcellulose medium. CD34^+^ cells were cultured with or without EV for 24 h and then, 1,500 cells were seeded into methylcellulose medium (D).

###### 

Click here for additional data file.

###### 

**Supporting Information Figure 3 Representative dot plots of flow cytometric analysis for** Figure [4](#stem3032-fig-0004){ref-type="fig"}A and [4](#stem3032-fig-0004){ref-type="fig"}C**.** Cells were considered to be in an early apoptotic state, late apoptosis or dead if they were Annexin V^+^/7‐AAD^−^, Annexin V^+^/7‐AAD^+^ or Annexin V^−^/7‐AAD^+^. Data were analyzed using Infinicyt (A). Data were analyzed using ModFit LT V5.0.9 and represented as mean of percentage of cells in each phase (B)

###### 

Click here for additional data file.

###### 

**Supporting Information Figure 4 Representative dot plots of flow cytometric analysis for** Figure 5A**.** Cells that were positive for CD34 antibody and negative for 7AAD were gated and mean of fluorescence in this population was calculated for CD44, CD184, CD49 and CD117 using Infinicyt.

###### 

Click here for additional data file.

###### 

**Supporting Information Figure 5 Mean fluorescence intensity of phospho‐STAT5 in CD34** ^**+**^ **cells.** Expression of phospho‐STAT5 was evaluated by FACS analysis. Samples were acquired on a FACS Calibur flow cytometer.

###### 

Click here for additional data file.

###### 

**Supporting Information Table 1 Mean expression level of genes (Gene Expression Profile) involved in Apoptosis, Hematopoietic cell lineage, Jak--STAT signaling pathway and Cytokine‐cytokine receptor pathway in CD34** ^**+**^ **cells.** Purified RNA from CD34^+^ cells alone and CD34^+^ cells that have incorporated MSC‐EV was hybridized in Gene Expression Arrays (Affymetrix). The significance analysis of microarrays technique was used for the identification of differentially expressed genes among samples. The pathway analysis was performed using the KEGG database and Webgestalt. Genes represented in red are up‐regulated and genes represented in blue are down‐regulated within the incorporation of MSC‐EV.

###### 

Click here for additional data file.
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